Abstract: So far the allergen list of the International Union of Immunological Societies (IUIS) allergen nomenclature subcommittee comprises 130 plant-derived food allergens. Based on sequence homology these allergens can be classified into only 27 out of 9,000 known protein families according to the Allfam database. These families comprise the prolamin and cupin superfamilies, pathogenesis related proteins, profilins, thaumatin-like proteins, oleosins, expansins, a number of enzymes and protease inhibitors among others. The classification on structural and thus biochemical and functional similarities will provide a new outlook on the molecules and might contribute to answer the question about allergenicity of different proteins. This will help to define clinical relevant allergenic molecules and explain cross-reactive phenomena between single food allergen sources as well as between food allergens and allergenic molecules of other origins (e.g. pollen).
INTRODUCTION
To date, the official allergen list of the International Union of Immunological Societies (IUIS) Allergen Nomenclature Subcommittee comprises 130 plant-derived food allergens (Table 1) . However, the number of genes expressed in plant tissues consumed by humans is several orders of magnitudes higher and, e.g. has been estimated within the range of 4,000 to 8,000 in the mid-endosperm development of wheat [1] . This fact raised the question about common properties rendering these few molecules capable of eliciting an allergic response in allergic individuals. Thus, in recent years several attempts to classify plant-derived food allergens by their source, clinical relevance, biologic function [2] , protein fold [3] , and protein families [4, 5] have been made.
According to characteristics of the clinical manifestation, plant-derived food allergens can be distinguished in class I, or complete, and class II, also termed incomplete, food allergens. In contrast to class I food allergy, that mainly affects young children with the sensitization process occurring in the gastrointestinal tract, class II allergy is predominantly seen in adults and develops as a consequence of allergic sensitization to inhalant allergens. Consequently, class II food allergens are considered of being more sensitive to heat and enzymatic digestion and therefore cannot cause per-orally sensitizations, but instead provoke allergic reactions in already sensitized patients due to IgE cross-reactivity. Depending on their stability during the digestive process these so called non-sensitizing elicitors cause symptoms ranging from mild oral inconveniencies to anaphylactic shock. They are thus responsible for pollinosis-associated food allergy, where the pollen acts as primary sensitizing agent. The most widely accepted and experimentally supported explanation for the phenomenon of pollinosis-associated food allergy is the induction of IgE directed against cross-reactive structures shared by pollen and plant-derived food. IgE cross-reactivity is determined by structural characteristics of proteins. Thus pollinosis-associated food allergies develop as a consequence of shared features at the level of primary and tertiary protein structure. It has been proposed the proteins sharing > 70% sequence identity are often cross-reactive, while those displaying < 50% rarely cross-react. However, as the crossreactive birch and celery allergens Bet v 1 and Api g1, for example display only 40% sequence identity, this notion shall be reconsidered. In accordance, present bioinformatics supported guidelines for assessment of genetically modified crops suggest a sequence identity of 35% as cut-off for potential cross-reactivity. Exceptions may occur when postsynthetic modifications are involved in cross-reactivity between unrelated proteins. So far, several clinical pollen-food syndromes (PFS) have been described, such as the birchfruit-vegetable-, the celery-mugwort-spice-, and the latexfruit-syndrome, which by its molecular background is comparable with PFS [2, [6] [7] [8] . Nevertheless, a classification based on clinical symptoms does not give further insight into common molecular properties underlying allergenicity.
Indeed, most plant-derived food allergens can be integrated into only a few protein families and superfamilies on the basis of sequence homology, which is related to conserved three-dimensional structures and possibly function [1, 9] . Interestingly, many of the known plant food allergens display homology to pathogenesis-related (PR) proteins. They represent a collection of 14 unrelated protein families comprising very different plant proteins such as chitinases, glucanases, endoproteinases, peroxidases, defensins, thionins, and lipid-transfer proteins (LTPs), which by definition are induced upon environmental stress, pathogen infection, and antibiotic stimuli. Thus, for some of them antibacterial and antifungal functions have been reported. Nonetheless, some of the PR-proteins are constitutively expressed in plant organs or during certain developmental stages [1, 10] .
This review provides a complete list of so far known plant-derived food allergens ( Table 1) and their classification into allergen superfamilies/families (according to: www. meduniwien.ac.at/allergens/allfam and www.allergome.org). Focusing on structural characteristics leading to allergenicity, the three-dimensional structures of allergens representative for each allergen family are depicted in Fig. (1) . In addition, allergenic members are discussed in regard to biologic function, cross-reactivity, and clinical relevance. A publication list referring to the first description of each of the 130 included allergens can be found on the IUIS Allergen Nomenclature Subcommittee homepage (www.allergen.org).
I. Prolamin Superfamily
The prolamin superfamily is termed after cereal prolamins representing major storage proteins of cereal grains. Allergens belonging to this superfamily are of low molecular weight and characterized by high contents of proline and glutamine [4] . They feature eight conserved cysteine residues and share a similar three-dimensional structure rich in -helices [1, 11] . The prolamin superfamily comprises three major groups of plant food allergens, i.e. seed storage 2S albumins found in tree nuts and seeds, defense-related nonspecific lipid transfer proteins (nsLTPs) found in some fruits and vegetables, and cereal -amylase/trypsin inhibitors. In addition, a soybean hydrophobic protein Gly m 1 has been identified as an allergen and integrated into the prolamin superfamily. Due to their stability to heat and gastrointestinal digestion many allergens from this superfamily are important class I food allergens and thus, may account for severe anaphylactic reactions [12] .
2S Albumins
Albumins and globulins represent the major group of seed storage proteins present in many dicotyledonous plant species [13] . They are characterized and identified on the basis of sedimentation coefficient as 2S albumins and 7S and 11S globulins [2] . 2S albumins are small globular proteins rich in arginine, glutamine, asparagine, and cysteine and comprise eight cysteine residues that are distributed in a conserved pattern (...C...C.../...CC...CXC...C...C) [14] . Due to their amino acid composition, their high content in the protein bodies of seeds and their mobilization during germination, a role as a nitrogen and sulfur donor has been proposed for these proteins. In addition, antifungal activity against a number of plant-pathogenic fungi has been shown for napins, the radish 2S albumins [15] . Typical 2S albumins, such as the napins from the Brassicaceae or the Brazil nut 2S albumin Ber e 1, are heterodimeric proteins consisting of two subunits of approximately 4 and 9 kDa, which are held together by conserved interchain disulfide bonds [13] . In addition to their biological interest, 2S albumins have been used by means of genetic engineering as carriers for the synthesis of biologically active peptides as well as for improving the nutritional properties of grain crops by increasing their content of essential amino acids [16] .
2S albumins are an important class of common allergenic proteins present in almost all edible seeds. They originate from the Brassicaceae family, i.e. oriental mustard seed Bra j 1, rapeseed Bra n 1, turnip Bra r 1, and yellow mustard seed Sin a 1. Additionally, Brazil nut Ber e 1, black walnut Jug n 1, Jug r 1 and Jug r 4 from English walnut, Ses i 1 and Ses i 2 from sesame, Ric c 1 from castor bean, Ana o 3 from cashew nut, and Pis v 1 from pistacho have been included into the IUIS official allergen list. IgE cross-reactivity between 2S albumins from rapeseed and mustard, and members of the Brassicaceae family has been reported [17] [18] [19] . Due to the high frequency of systemic allergic reactions, peanut allergens deserve special attention. The glycoproteins Ara h 2, Ara h 6, and Ara h 7, which belong to the conglutin protein family, are related to the 2S albumin family of seed storage proteins. Similar to other 2S albumins, these peanut allergens are resistant to trypsin-and simulated gastric fluid proteolysis, and thus comprise an important group of class I food allergens [20] .
Plant Non-Specific Lipid Transfer Proteins
Lipid transfer proteins (LTPs), originally named after their ability to transfer phospholipids between vesicles and membranes, can be divided into two types: those specific for certain classes of phospholipids and those that are able to accommodate several lipid classes, called non-specific LTPs (nsLTPs) [21] . Plant nsLTPs are closely related basic proteins, unique to flowering plants. Two subfamilies can be distinguished according to their molecular masses: the 9 kDa nsLTP1 and the 7 kDa nsLTP2 subfamily. nsLTPs are characterized by a common fold of four -helices stabilized by four disulfide bonds forming a central hydrophobic tunnel interacting with lipophilic molecules. Nevertheless, it is now emerging that plant nsLTPs are not involved in intracellular lipid trafficking but instead, in defense against fungi and bacteria. Thus, nsLTPs have been included as member of the heterogenous collection of the PR protein families [10, 22] . nsLTPs display a wide distribution and therefore are considered as pan-allergens with sequences available from fruits, nuts, seeds, and vegetables. Thermostability as well as resistance to proteolysis and harsh pH conditions renders them potent class I food allergens [23] . They accumulate at high concentrations in the outer epidermal layers of plant organs explaining for instance the strong allergenicity of fruit peels compared to pulps as shown for Rosaceae fruits [24] . In fact, Rosaceae nsLTPs, such as apple Mal d 3, peach Pru p 3, and apricot Pru ar 3, are regarded as major allergens especially in the Mediterranean area. For example, 60 to 90% of Spanish peach-allergic individuals show positive skin prick tests to Pru p 3 [25, 26] . In contrast, the incidence of sensitization to nsLTPs in Central and Northern Europe is rather limited. A recent study demonstrated that according to in vitro tests only 3% of German-, but 100% of Italian patients were sensitized to the cherry nsLTP Pru av 3. However, the surprising geographical distribution pattern of sensitization to nsLTPs is still unexplained. Allergy to Rosaceae fruits in Central and Northern Europe seems associated with birch pollinosis and sensitization to Bet v 1-related allergens [27, 28] . It is believed, that sensitization to food nsLTPs is a consequence of food consumption and no epiphenomenon of pollen exposure. Nonetheless, there is evidence of IgE crossreactivity between Pru p 3 and the mugwort pollen nsLTP Art v 3. Whether peach or pollen acts as primary sensitizing source is still a matter of debate [29, 30] . Other nsLTPs originating from the botanical family of Rosaceae comprise strawberry Fra a 3, plum Pru d 3, pear Pyr c 3, and raspberry Rub i 3.
IgE cross-reactivity requires sequence homology that was found in various degrees (from 30% to 95%) between members of the LTP family from different species [31] . For example, walnut Jug r 3, cabbage Bra o 3, and maize Zea m 14 nsLTPs have been demonstrated to cross-react with peach Pru p 3. Grape Vit v 1 was characterized and included as an elicitor of the proposed "LTP-associated-clinical-syndrome" explaining allergic cross-reactions to nsLTPs originating from multiple allergen sources [32] .
In addition, lettuce Lac s 1, tomato Lyc e 3, asparagus Aspa o 1, and wheat Tri a 14 have been identified as allergenic nsLTPs. Cor a 8 has been demonstrated to be a clinically important hazelnut allergen causing severe allergic reactions in Spanish patients. Recently, nsLTPs originating from chestnut (Cas s 8) and citrus fruits, i.e. Cit l 3 from lemon, Cit r 3 from tangerine, and Cit s 3 from sweet orange have been included into the official IUIS allergen list.
-Amylases
The -amylase family or family13 hydrolases comprises a number of starch-converting enzymes sharing common characteristics such as an eight-stranded / barrel structure, the ability to hydrolyze 1,4--D-glucosidic linkages of attached polysaccharides in -conformation, and conserved amino acid residues in the enzyme's active sites [33] .
To date, several -amylases have been identified in diverse organisms e.g. Aed a 4 in yellow fever mosquito or Der p 4 in European house dust mite. Cereal -amylases (e.g. barley Hor v 15 and Hor v 16) are important allergens for patients with baker's asthma. Some of these patients also display IgE reactivity to fungal -amylases, e.g. Asp o 21 from Aspergillus, used as baking additives or present in mold-contaminated flour.
Cereal Prolamins
Cereal prolamins are major storage proteins of the cereal grain endosperm and are named glutenins and gliadins in wheat, secalins in rye, and hordeins in barley. These sulfur rich proteins are composed of an N-terminal domain of proline-and glutamin-rich repeats and a C-terminal domain responsible for intrachain disulfide bonds [1] . So far, -3 hordein (Hor v 21) from barley, Sec c 20 from rye, as well as Tri a 19 and Tri a 26 from wheat are included in the IUIS allergen list.
II. Cupin Superfamily
Cupins are named after their conserved -barrel fold ('cupa' is the Latin term for small barrel) and comprise a large superfamily of proteins sharing a common origin. Their evolution can be followed from bacteria to eukaryotes including animals and higher pants. Two functional classes can be divided, i.e. the monocupins and bicupins, containing one or two conserved cupin domains, respectively [34] .
Germins
Germins, bacterial carbohydrate isomerases and epimerases, as well as germin-like proteins represent the monocupins. However, so far orange Cit s 1 is the only member of this family that has been reported to act as an allergen. 
Vicillins
Allergenic legumins include the minor peanut allergens Ara h 3 and Ara h 4, previously described as distinct allergens with high sequence similarity to glycinins but now considered to be the same allergens. Other described legumins are Cor a 9 from hazelnut, Ber e 2 from Brazil nut, Pis v 2 from pistacho, Ana o 2 from cashew nut, soybean glycinin, and sesame Ses i 6 and Ses i 7 [1, 34] .
III. Pathogenesis-Related Proteins
PR-proteins constitute a collection of 14 unrelated protein families, which by definition are induced upon environmental stress, pathogen infection, and antibiotic stimuli. Interestingly, many plant-derived food allergens can be found within this group of proteins, i.e. in the PR-families 1, 3, 5, 10, and 14 (the latter are nsLTPs belonging to the prolamin superfamily). In general, PR-proteins are rather small in size, stable at low pH, and resistant to proteolysis, making them good candidates for provoking an immune response in predisposed individuals.
PR-1 Family
The muskmelon allergen Cuc m 3 is the only plant food allergen within the PR-1 family, which comprises many pollen allergens, thus delivering the first evidence of the involvement of this plant allergen family in food allergy [35] .
PR-3 Family or Class I Chitinases
In general, chitinases catalyze the hydrolysis of -1,4-Nacetyl-D-glucosamine linkages in chitin polymers, thus playing a role in plant defense against fungal and insect pathogens [36] . Class IA/I and IB/II enzymes differ in the presence (IA/I) or absence (IB/II) of an N-terminal hevein-like chitin-binding domain. This domain is thought to be involved in recognition or binding of chitin subunits.
Due to the presence of the hevein-like domain, class I chitinases, e.g. latex Hev b 11 [37] , and plant food allergens such as avocado Pers a 1 and chestnut Cas s 5 cross-react with the major latex allergen hevein [38, 39] . Further, there are some evidences that class I chitinases from cherimoya, passion fruit, kiwi, papaya, mango, and tomato display IgE cross-reactivity with hevein [40] , although the catalytic domains of these allergens showed comparably low IgE binding activities [41] . As the hevein domain comprises most of the molecule's allergenicity, two more allergens should be mentioned although displaying no chitinase activity, i.e. Bra r 2 (turnip rape) with a prohevein-like domain composition [42] and the wheat germ agglutinin Tri a 18, a lectin, consisting of four hevein-like domains. In summary, most of the allergenic activity of chitinases seems to be due to the hevein-like domain. Due to their potential high cross-reactivity, these allergens have been implicated in the latex-fruitsyndrome.
PR-5 Family or Thaumatin-Like Proteins
The family of thaumatin-like proteins (TLPs) can be classified into three groups: (i) those produced in response to pathogen infection, (ii) produced in response to osmotic stress (osmotins), and (iii) antifungal proteins present in cereals [2] . The majority of TLPs has a molecular mass of about 20kDa, consists mainly of anti-parallel -sheets, and is stabilized by eight disulfide bonds. TLPs are generally resistant to proteolytic degradation and pH-or heat-induced denaturation [43] .
Among other allergen sources, allergenic TLPs can be found in several fruits such as apple Mal d 2, cherry Pru av 2, bell pepper Cap a 1, and kiwi Act d 2, as well as in orange and grape.
PR-10 Family or Bet v 1-Related Proteins
The major birch pollen allergen Bet v 1 and its homologues from other pollen as well as food sources belong to the PR-10 protein family. In general, the expression of these proteins in plants can be stress-induced, though high levels of these PR-10 proteins are also found in reproductive tissue such as pollen, fruits, or seeds. Despite a rather low amino acid sequence similarity of Bet v 1 and its allergenic homologues, a comparison of three-dimensional structures of Bet v 1, Api g 1 from celery, and Pru av 1 from peach revealed a much conserved folding pattern of the allergens [44] [45] [46] , which for sure affects the high level of patients´ IgE crossreactivity towards the Bet v 1 family members. Structural protein analysis revealed a common -fold with a solventaccessible cavity traversing the protein. In addition, the binding capacity of this cavity for deoxycholate that is similar to brassinosteroids (ubiquitous plant steroid hormones) indicates a possible role for Bet v 1 as plant steroid carrier [47] . This fact is supported by recent data of Mogensen et al. [48] demonstrating that the protein can bind to membranes, which might contribute to its role of transferring ligands between cells or tissues. In contrast, other studies demonstrated a much broader binding specificity of PR-10 proteins towards a variety of biological ligands including fatty acids, flavonoids, and cytokinins as well as ribonuclease activities. Nevertheless, the biological function of Bet v 1 is not yet fully understood [49] .
As Bet v 1-related proteins are relatively heat-labile and unstable towards digestion they are generally considered as class II food allergies with Bet v 1 acting as sensitizing agent and leading to the induction of cross-reactive IgE antibodies in atopic individuals. The symptoms are usually moderate and mainly affecting the oropharynx. However, severe forms of PFS including anaphylaxis have been attributed to the Bet v 1 homologue Gly m 4 from soybean [1, 12] .
Among the foods most commonly implicated with Bet v 1-associated allergies are fruits of the Rosaceae (e.g. apple Mal d 1, pear Pyr c 1, peach Pru p 1, cherry Pru av 1, apricot Pru ar 1, and strawberry Fra a 1) or Fabaceae family (peanut Ara h 8, mung bean Vig r 1), but also nuts (hazelnut Cor a 1) and Apiaceae vegetables (celery Api g 1, carrot Dau c 1) display high levels of cross-reactivity towards the major birch pollen allergen. Additionally, gold kiwi Act c 6 has been recently identified as allergen and included in the official IUIS allergen list.
IV. Enzymes and Protease Inhibitors
The following chapter reviews plant food allergens that act as enzymes (reductases, amylases, hydrolases, transferases, and proteases) or protease inhibitors and cannot be classified within the already mentioned superfamilies. It has been suggested that biochemical or enzymatic activities of allergens may contribute to their sensitizing potential. This idea is supported by the observation that the cysteineprotease activity of the major dust mite allergen Der p 1 has as pro-allergenic adjuvant effect. It increases IgE production by cleaving the low affinity IgE receptor on B cells and monocytes and decreases Th1 cell proliferation by cleaving the IL-2 receptor. Furthermore, by disrupting tight junctions it enhances permeability in the bronchial epithelium [50, 51] . However, it is unclear if enzymatic function in general influences allergenicity. In fact, most allergens do not posses enzymatic activity.
Thioredoxins
Thioredoxins are small ubiquitous enzymes present in many species from Archaebacteria to man. They serve as general protein disulfide oxido-reductases interacting with a broad range of proteins. Allergenic thioredoxins have been identified in fungi as well as in plants. The thioredoxins from wheat (Tri a 25) and maize (Zea m 25) are related to baker's asthma, an occupational disease affecting 4% to 10% of bakery workers in European countries [52] .
Isoflavone Reductases
Isovlavone reductases (IFR) belong to the nicotinamide adenine dinucleotide phosphate (NADP)-dependent oxidoreductases that are involved in plant secondary metabolism [53] . Allergens from this family include the minor birch pollen allergen Bet v 6, which has been demonstrated to cross-react with IFR from pear (Pyr c 5), lichee, and sharon fruit [54, 55] . Additionally, Bet v 6-specific serum IgE recognized bands at the corresponding size in apple mango, banana, and carrot extracts [56] . There are also reports on immunoreactive IFRs of orange and latex. Although these allergens are not considered as major allergens, IFRs can be classified as panallergens with members in pollen, fruits, and latex.
-Amylases
-amylases are enzymes belonging to the group of exoamylases, which hydrolyze 1,4-glucosidic linkages in starch-type polysaccharide substrates. These enzymes are found in a large variety of microorganisms as well as in plants where they can provoke allergic reactions as demonstrated for the barley allergen Hor v 17 [33, 57] .
Glycoside Hydrolases
This widespread group of enzymes hydrolyzes glycosidic bonds and has been classified into 85 subfamilies. The glycoprotein Lyc e 2, a fructofuranosidase from tomato, belongs to the glycoside hydrolase family 32 and represents a major allergen of tomato recognized by more than 50% of tomatoallergic individuals. However, one third of the sera from tomato-allergic patients show glycan specific antibodies leading to the speculation that the glycans of Lyc e 2 might contribute to its IgE binding properties [58] . The protein is highly concentrated in the red ripening stage of the fruit. If ripening is inhibited like in the ripening inhibitor mutant tomato, the accumulation of -fructofuranosidase and consequently the serum IgE reactivity to the extract is reduced [59] . So far, there are no reports of -fructofuranosidases of other species that elicit allergy, though serum IgE crossreactivity to molecules with similar carbohydrate moieties cannot be excluded.
Further, Ziz m 1 from Chinese date belonging to the glycoside hydrolase sub-family 18 has been recently identified as allergen [60] .
Patatin Family
The patatin family consists of various glycoproteins in plants making up more than 40% of the total soluble protein in potato tubers. Patatins serve as storage proteins and it has been demonstrated that they exhibit both lipid acyl hydrolase and acetyl transferase activities, which might be involved in tissue wounding responses. Further, recent studies report on antioxidant activities of the major potato allergen Sola t 1 [61] .
Moreover, potato patatin is homologous and cross-reacts with the major latex allergen Hev b 7. This could be one explanation for the association of potatoes with the latexfruit-syndrome.
Papain-Like Cysteine Proteases
Members of the papain family are widespread in nature and are cysteine proteases synthesized as inactive proenzymes with N-terminal pro-peptide regions. The pro-peptide plays an important role as inhibitor of enzymatic activity and for the correct folding of the newly synthesized protein. Mature enzymes are generally 25-28 kDa proteins [62] . So far, a number of allergens belonging to the papain family have been identified including inhalant allergens such as the major dust mite allergen Der p 1 and also plant food allergens such as Ana c 2 bromelain from pineapple, Act d 1 actinidin, the major allergen from kiwi fruit, and Car p 1 papain from papaya [63] . Gly m 1, a major allergen from soybean seed storage vacuoles shows sequence similarities to papain-like proteases but lacks enzymatic activity.
Subtilisin-Like Serine Proteases
Subtilases comprise the second largest family of serine proteases characterized to date with members in Archaebacteria, eukaryotes, and even viruses. Surprisingly, the catalytic domains of subtilases display a high degree of sequence variability with exception of three catalytic residues (AspHis-Ser). Apart from that, the structures show no further similarities [64] .
Most allergens from this family are fungal allergens belonging to the subfamilies of alkaline or vacuolar serine proteases [65] . So far, the only plant food allergen belonging to this family is Cuc m 1 (cucumisin) from muskmelon. Although homologues of cucumisin were reported in other plants like soybean, tomato, latex, rice, barley, etc. allergenicity and cross-reactivity require further investigation.
Berberine-Bridge Enzymes
Berberine bridge and berberine bridge-like enzymes are involved in the biosynthesis of numerous isoquinoline alkaloids. These flavoproteins catalyze the transformation of the N-methyl group of (S)-reticuline into the C-8 berberine bridge carbon of (S)-scoulerine [66] . The first allergen belonging to this family was found in bermuda grass pollen. Phl p 4 from timothy grass also shows homology to berberin-bridge enzymes, similar as Api g 5 from celery tuber, and a high molecular weight allergen from Brassica napus pollen. All these allergens are glycoproteins and seem to bind human IgE if not exclusively, then prominently via their N-liked glycan moieties. For example, recombinant Phl p 4 produced in Escherichia coli displays a significantly lower IgE binding capacity compared to the natural, glycosylated allergen [67] . Api g 5, the so far only known food allergen within this group, has been suggested to be involved in the "celery-mugwort-spicesyndrome". Carbohydrate analysis of the allergen revealed the presence of glycans carrying fucosyl and xylosyl residues, structures previously shown to bind IgE [68] [69] [70] .
Cystatins
Cystatins belong to the cystatin superfamily of reversibly binding cysteine protease inhibitors, which can be subdivided into three animal and one plant cystatin family [71] . Most phytocystatins are 12-14 kDa in size, contain no disulfide bonds, and show significant amino acid sequence similarity to the cystatin families of animal origin [72] . Plant seed cystatins are now understood as factors controlling germination by inhibition of endogenous cysteine proteinases [73] . Oryzacystatin from rice seeds was identified as the first well-defined cystatin of plant origin [74] . Although many cloning approaches led to the identification of various plant cytstatins including those of strawberry, sunflower, wheat, barley, corn, and soybean, so far allergenic phytocystatins were found only in kiwifruit (Act d 4), golden kiwi, and in the pollen of short ragweed (Ambrosia artemisiifolia) [75] .
Kunitz-Type Protease Inhibitors
Protease inhibitors displaying a Kunitz-type domain protect plants against insect attacks, inhibiting enzymes of the digestive system, like trypsin. Regarding allergenicity, the most prominent member of this group is the soybean trypsin inhibitor. Although only 20% of soybean-allergic patients react with this soybean allergen, food induced anaphylactic shocks have been reported [76, 77] . In addition to its presence in soy, the soybean trypsin inhibitor is also found as a contaminant in lecithin [78] , which is widely used as emulgating agent and represents a potential risk for allergic patients. Furthermore, the soybean trypsin inhibitor is considered highly resistant to thermal and chemical denaturation [79] . So far, only the potato Kunitz-type protease-inhibitors Sola t 2 (a cathepsin inhibitor), Sola t 3 (a cystein protease inihibtor), and Sola t 4 (a serine protease inhibitor) have been included in the official IUIS allergen list. As in enzyme-linked immunosorbent assays 51% of atopic children showed specific IgE to Sola t 2, 43% to 58% to different isoforms of Sola t 3, and 67% to Sola t 4, respectively, they represent major allergens in early life.
V. Others

Profilins
Profilins represent an allergen family of small 12 to 15 kDa cytosolic actin binding molecules and belong to theclass of proteins featuring mainly anti-parallel sheets. They play a key role in cell motility through the regulation of actin microfilament polymerization dynamics. In plant cells they are thus involved in processes like cytokinesis, cytoplasmatic steaming, cell elongation, and the growth of pollen tubes and root hairs [80, 81] . However, being involved in essential cellular processes, profilins can be found in all organisms examined so far, therefore being considered as pan-allergens, which are responsible for many crossreactions between inhalant and nutritive allergen sources [82, 83] . In higher plants profilins constitute a family of highly conserved proteins displaying sequence identities of at least 75%, even between members from distantly related organisms. However, as sequence conservation is reflected by highly similar three-dimensional structures, IgE crossreactivity between profilins seems to be a result of the highly conserved three-dimensional profilin fold [84] .
It has been reported that about 20 to 36% of all pollensensitized patients recognize profilin [82, 85] . Since profilin specific IgE cross-reacts with homologues from virtually every plant source, sensitization to these allergens is a risk factor for allergic reactions to multiple pollen sources and for the development of class II food allergy [86] . As described for other class II food allergens, profilins are sensitive to heat denaturation and gastric digestion leading to allergic reactions that are usually confined as moderate oral symptoms elicited by raw food [1, 87] . In contrast, celery profilin Api g 4 is known to be partially heat resistant, and might therefore also elicit allergic reactions after cooking [88, 89] .
To date, several plant food-derived profilins have been characterized, most of them being evidently involved in PFS. Hazelnut profilin Cor a 2 and the profilins from Rosaceae fruits strawberry Fra a 4, apple Mal d 4, cherry Pru av 4, almond Pru du 4, peach Pru p 4, and pear Pyr c 4 for example, are considered to cross-react with grass and/or birch pollen Bet v 2 [90] , the first identified plant profilin [91] . Celery Api g 4 and carrot Dau c 4 play a role in the celerymugwort-spice syndrome, whereas melon Cuc m 2 and banana Mus xp 1 are involved in the ragweed-melon-banana association [6] . Furthermore, profilin is considered an important mediator in IgE cross-reactivity between pollen and exotic fruit, like lychee Lit c 1 [92, 93] and pineapple Ana c 1. In addition, IgE binding profilins from peanut Ara h 5, soybean Gly m 3, orange Cit s 2, bell pepper Cap a 2, and tomato Lyc e 1 were produced as recombinant proteins. Finally, two profilins originating from the botanical family of Poaceae, i.e. barley Hor v 12 and rice Ory s 12, have been identified and included into the official IUIS allergen list.
Oleosins
Oleosins are hydrophobic plant proteins found only in association with small storage oil drops. These oil bodies are discrete spherical organelles, mainly composed of triacylglycerols and are surrounded by a phospholipids/oleosin annulus. Several oleosins were lately described, confirming that all of them comprise three distinct domains: a conserved hydrophobic domain of about 70 amino acid residues being particularly rich in aliphatic amino acids flanked by an Nand a C-terminal domain, which are more hydrophilic with less conserved amino acid sequences. Allergenic oleosins were identified in sesame (Ses i 4 and Ses i 5), nuts (peanut and hazelnut oleosins), legumes, and seeds [94, 95] .
Expansins
Kiwellin (Act d 5) is a 28kD allergen from kiwi fruits (Actinidia chinensis) related to ripening-related proteins from grape, potato, and rice. Comparative analysis of the hypothetical tertiary structure of kiwellin showed fold similarities with the major grass pollen allergen Phl p 1, a cysteine-rich glycoprotein representing one of the most impor- Fig. (1) . Illustration of the three-dimensional structures of allergens, each representing a distinct protein family. For single chain proteins alpha-helical structures are presented in red, beta-sheets in green. In additional chains of oligomeric allergens alpha-helices and beta-sheets are depicted in blue and magenta, respectively. The PDB (www.pdb.org) codes are given in parantheesis.
tant aeroallergens known to date. Similarities were also found with Barwin-like proteins sharing a structural motif with various wound-induced and other pathogenesis-related proteins from potato, rubber trees, and tobacco [96] .
Chlorophyll-Binding Proteins
Api g 3, which was isolated from a celery cDNA library with celery-allergic patients´ sera, was identified as chlorophyll A/B binding protein that together with chlorophylls A and B constitutes the light-harvesting complex of photosynthetic organisms. This complex functions as light receptor capturing and delivering excitation energy to plant photosystems I and II. However, studies on the immunological characterization of Api g 3 are still lacking [97] .
CONCLUDING REMARKS
Presently, around 9,000 different protein families are defined within the protein database Pfam (http://www. sanger.ac.uk/Software/Pfam/which), which covers most of the known protein sequences. The 130 plant-derived food allergens included in the official IUIS allergen list can be assigned to only 27 of these protein families, though the growing knowledge about allergenic molecules will eventually lead to the discovery of new allergens belonging to additional protein families. The recently identified pistacho allergen Pis v 4 for example seems to be a manganese superoxide dismutase. In addition, lentil Len c 2 (identified as seed-specific biotinylated protein), almond Pru du 5 (a 60S acidic ribosomal protein), and a novel kiwi allergen termed Act d 3 have been included in the official IUIS allergen list. However, Act d 3 could not be assigned to a plant food allergen family.
In general, any innocuous environmental antigen that is able to trigger a Th2 or an IgE response is defined as allergen. Depending on the percentage of allergic individuals reacting to a protein of a given allergenic source, major (> 50%) and minor (< 50%) allergens can be distinguished. Both major and minor allergens can be found in every plant food protein family. The seed storage proteins for example are considered as major allergens of the prolamin superfamily that are likely to act as potent class I food allergens. In contrast, profilins and PR-proteins are regarded as class II food allergens due to their instability to heat and gastric digestion. For instance, profilin has been identified as a major allergen in patients suffering from pollen-food syndrome caused by melon. Digestibility analysis of melon profilin revealed its stability in human saliva but not in simulated gastric fluid, which is typical for class II food allergens [87] .
Individuals suffering from the birch-fruit-vegetable display mild reactions upon ingestion of raw birch-associated foods but tolerate these foods after heating or cooking. This is due to susceptibility of the Bet v 1-food homologues to heat and gastric digestion, which leads to denaturation or destruction of conformational-dependent IgE epitopes. However, birch pollen-related foods have been shown to be effective activators of T cells specific for homologous allergens in pollen source [98] , demonstrating that T cell epitopes are not affected by heat or gastric digestion and can contribute to worsening of the disease.
The clinical relevance and manifestations in class I and class II food allergy, as well as classification as major and minor allergens are not always obvious and are subject to geographical discrepancies. LTPs for example are thermostable and extremely resistant to pepsin digestion and thus are likely to act as potent class I food allergens. Indeed, they act as major allergens in the Mediterranean area where they are considered as the most important allergens of Rosaceae fruits. This is illustrated by peach LTP, Pru p 3, which is considered the major class I allergen for the Spanish population. However, in other geographical areas (e.g. Central Europe) where allergy to peach is rather a consequence of sensitization to birch pollen Bet v 1, peach Pru p 3 is not a major allergen. The situation is becoming increasingly complicated by recent findings [29] showing that mugwort pollen LTP behaves as the primary sensitizing allergen in patients with IgE to both mugwort and peach LTP, rendering Pru p 3 a class II food allergen. Thus, the idea that allergic reactions caused by cross-reactivity between a sensitizer and an elicitor raises the question of which antigens should be called allergens: the sensitizers, the symptom elicitors, or both?
The classification of allergens into protein families provides an overview on allergen distribution and allows insights into the clinical relevance in terms of cross-reactive allergy syndromes that may worsen the prognosis of allergy. In addition, it might contribute to answer the question of allergenicity of different proteins, help to define clinically relevant allergenic molecules, and to explain the cross-reactivity phenomena between food allergen sources as well as food allergens and allergenic molecules of other origins (e.g. pollen). So far, attempts to identify common properties of allergens that would render them allergenic have failed. Aspects of protein structure that are likely relevant for allergenicity are solubility, stability, size, and compactness of the overall fold. In fact, most allergens are relatively small, hydrophilic, and stable proteins, apparently lacking bacterial homologues [99] . These aspects reflect the dependency of allergenicity on transport over mucosal barriers and susceptibility to proteases. The findings that most allergens identified so far belong to a limited set of protein families does not support the assumption that in principle every protein could be an allergen. Nonetheless, the burning question what makes a protein an allergen still remains unanswered.
